There is currently no method whereby material properties of thermal spray coatings may be predicted from fundamental processing inputs such as temperature-velocity correlations. The first step in such an important understanding would involve establishing a foundation that consolidates the thermal spray literature so that known relationships could be documented and any trends identified. This paper presents a method to classify and reorder thermal spray data so that relationships and correlations between competing processes and materials can be identified. Extensive data mining of published experimental work was performed to create thermal spray property-performance maps, known as ''TS maps'' in this work. Six TS maps will be presented. The maps are based on coating characteristics of major importance; i.e., porosity, microhardness, adhesion strength, and the elastic modulus of thermal spray coatings.
Introduction
In the field of surface engineering, thermal spray is a generic term for a group of processes in which liquid droplets, semi-molten or solid particles impact and are then deposited onto a substrate as morphological features that are known as ''splats'' (Ref 1). A coating can be generated if the accelerated droplets or particles can (i) plastically deform or rapidly cool into thin lamellae on impact, (ii) adhere to the surface, and (iii) overlap and interlock into a consolidated coating during the solidification process. The coating is usually generated in multiple passes from 5 to 100 depending on the thickness required. The coating material may be metal based, a ceramic oxide or carbide, a polymer, or a composite; all of which may be in the morphology of a powder, wire, or rod ( Ref 2) .
There are two important variables for any thermal spray process, flame jet temperature and particle velocity, which together are known as ''TV relationships'' (Ref 3, 4) . This refers to the direct spatial interaction of three physical distributions, i.e., the feedstock characteristics, the high energy temperature field, and the gas jet velocity field, that influence directly the spreading of the molten particle during splat formation. The splats or solidified molten particles, along with other important artifacts such as oxides, voids, and cracks, are the fundamental building blocks of a thermal spray coating. Therefore, it follows that the final coating microstructure and its properties are influenced by the feedstocks and thermal spray processes employed. In other words, TV relationships translate into functional properties that are necessary for specific applications. A large number of factors, such as spray parameters and spray materials, influence the TV value (Ref 5, 6 ). Thus, under practical operational procedures, it is notionally assumed that the thermal spray operator has optimized heating and acceleration of particles to achieve the favored microstructure that is purposely designed for the intended application. The combination of material selection, coating process, and coating conditions influences the final coating microstructure and, hence, the desired properties. This challenge has existed since the invention of thermal spray in the early 1900s (Ref 7) and has resulted in several evolution cycles for the field of thermal spray. The timeline for key developments of thermal spray processes is presented in Fig. 1 , with the accompanying references found in Table 1 .
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Although there is a vast amount of literature documenting the development of new coating materials or processes, the thermal spray field lacks a systematic method that integrates materialsÕ chemistry, processing, structure, property, and performance. On the other hand, there has been a paradigm shift in materials research and development from an experimental knowledge base toward a material genomic approach (Ref 8, 9) .
The current work is founded on a material genomic approach and bridges the materials science and engineering goals for thermal spray technology by undertaking a survey of the available literature. Property cross-plots, as first proposed by Ashby (Ref 10) , are created and used to quantify property-performance relations in a broad methodology for materials selection.
Thermal Spray Technology
The thermal spray processes can be classified into three broad families (Ref 2, 11): (i) the use of combustion heat sources, namely, the flame, detonation gun, and HVOF processes; (ii) another family of processes using electrical energy, either in the form of plasma or as an arc, and (iii) the third being a recent extension to the thermal spray family (Ref 12) known as cold spray (CS), kinetic spray, or hypersonic spray, which uses the energy that evolves from an expanding gas.
Another way to understand thermal spray processes is by mapping the coating formation process that influenced the particle temperature and velocity, Fig. 2 . Along with Table 2 , which was compiled from references (Ref 1, 2), Therefore, the TS maps that will be presented later may be cross-indexed onto Fig. 2 so that a concordance approach evolves. The cross correlation of distribution analyses involving (i) the TV characteristics and (ii) the property-process relationships is beyond the scope of this review.
The third critical factor in thermal spray processing revolves around the feedstock. Depending on the thermal spray operation considered, an appropriate combination between the feedstock material and size must be considered. Table 3 compiles a list of commercially available powder feedstocks and the associated thermal spray method that is typically employed (Ref [13] [14] [15] [16] . Correct selection of feedstock is critical since this decision relates to the deposition efficiency of the process and, therefore, the overall manufacturing economics.
Material Genomic Approach for Thermal Spray
Although thermal coatings have been produced for certain applications, there are certain material properties that are mutually dependent. These properties include (i) porosity, (ii) hardness, (iii) adhesion, (iv) elastic modulus, (v) fracture toughness, and (vi) the PoissonÕs ratio of thermal spray coatings. A scoping study for relevant data from the literature revealed that this was a complex task. For example, it was necessary to consolidate and standardize the property data of different coatings that had been manufactured with a variety of equipment under diverse reporting standards.
The issue of reporting standards and lapses in documentation in the open literature focussed the current study toward classes of materials and processes that can be considered of widespread popularity. For instance, WC-Co coatings are extensively used as wear-resistant coatings and alumina-based coatings represent a large proportion of the market for thermal spray as anti-wear and corrosion-resistant coatings. Although there is an emphasis on these materials, it can be pointed out that they can be sprayed by many processes, the maps of which are very informative as will be presented later. The material-property measurements of thermal spray coatings are related to the lamellar microstructure. Analyzing the literature on thermal spray coatings is challenging due to the many types of feedstock, spray systems, spray parameters, and other variables that influence the coating final structure. The lack of an overall framework for the presentation of properties has also arisen because researchers have focused on the properties and performance of specific coatings or processes rather than relationships among the entire family.
Relationships among the feedstock materials, thermal spray methods, and spray parameters have been drawn by compiling the mechanical properties into a single database. This material genomic approach is depicted in a flow chart, Fig. 3 . The database structure was constructed and then populated by reviewing the available literature so that trends could be discerned. In this manner, the broader relationships of thermal spray coatings were explored by constructing plots that summarized data to show the interactions between processes and materials. These sodetermined scatter plots were inspired, in part, by the material selection plots formulated by Prof. M. Ashby of Cambridge University in the United Kingdom (Ref 10). The Ashby scatter plots displayed two or more properties of many materials or classes of materials. Similarly, the ''thermal spray property-performance maps'' (termed as ''TS maps'') created in the current work have incubated a fresh perspective that has allowed a balanced comparison of results across different laboratories.
It must be noted that the TS maps are conceptually different from process maps in thermal spray technology (Ref 17, 18) which are used to assess coating reliability. Process maps have been yielded from the in situ monitoring of the temperature and velocity spray profile of the powder particles and splats. These process maps are constructed on the basis of experimental work and are specific for a defined feedstock. Hence, it can be recognized that TS maps provide an overview of the different processes and feedstocks available, while ''process maps'' relate specifically to the variability in a particular spray-feedstock system.
The following section compiled test data of commonly investigated thermal spray coating properties from the published literature. There is a natural, intrinsic cause and effect relationship among the temperature-velocity conditions, the feedstock materials, and their particle size distribution. Thus, analysis of these datasets was expected to yield observable trends and comparisons with regard to the thermal spray processes. Such a retrospective analysis and review has not been reported previously.
Review of Thermal Spray Coating Property Data
Five frequently investigated coating properties will be presented in this work. The TS maps are focussed on porosity, hardness, coating adhesion, elastic modulus, and sliding wear performance of thermal spray coatings. It is important to emphasize that this study was intended as a broad survey of coating properties. All of the experimental details are presented in the original manuscripts and the properties determined by these original investigators were applied to studies within their own context. The first step to construct TS maps was to assemble data from the literature and standardize the units of measure. The complexity of data collection laid in dealing with the different reporting formats and in some cases interpreting and estimating the reported values. These data were then plotted onto scatter graphs with common axes.
The TS maps presented in this study were plotted from approximately 100 individual data points. Figure 3 is a flow chart that describes the TS map construction procedure. Six TS maps are reviewed in this study and these can be considered as typical of the information that can be revealed by careful analysis. been normalized to GPa and only cross-sectional microhardness test values considered. The differences in the test method, i.e., Vickers and Knoop tests, have been assumed to be negligible. The authors appreciate that these hardness techniques sample different volumes of materials under dissimilar stress conditions; however, pooling such data allows a more comprehensive database to be created without compromising data quality to a large degree. The coating porosity data can be quantified by many methods (Ref 19, 20) and the data across techniques are presumed indifferent for the purposes of this current study.
The assumptions stated above can be disputed. However, this current study is aimed at setting a foundation for future data-mining exercises where limitations that depend on reporting and testing protocols can be more rigorously resolved. In other words, one of the outcomes of this review is that all investigators need to report testing methods and protocols more meticulously so that data-mining exercises may be prescribed in the future. Figure 4 reveals a large degree of variance of coating hardness across the four spray methods. A clustering of data points for each individual spray method can be identified. Thermal spray techniques, such as CS and DGun Ò , which use high particle kinetic energy for coating formation, lead to a low coating porosity and high coating hardness. The high thermal input of APS coating deposition produced coatings with large numerical variations in porosity and hardness. The thermal spray footprint, or spray envelope, of the APS process is significantly larger and more flat than those of HVOF, D-gun Ò , and CS, refer to Table 2 and Fig. 2 . Thus, the TV processing zone is more variable and this leads to material characteristics that are highly dispersed. It can also be observed for the HVOF and D-gun Ò processes, where there are statistically significant data, that low porosity materials revealed hardness data that were clustered. That is, processes that lead to high-density coatings will also give rise to the most reliable material characteristics.
The APS process also leads to decarburization of WC to W 2 C, which can occur at high temperature. This phase transformation creates formation of a brittle phase that increased the overall coating hardness (Ref 21) and which has contributed to the data scatter. Another reason for the data scatter arose due to differences in feedstock and spray parameters. For instance, there can be changes in the coating composition between the ratio of ceramic WC and metallic cobalt feedstock. Different laboratory or research groups may also choose to experiment with (i) a unique blend of WC-Co, (ii) different feedstock size, or (iii) spray parameters.
Nevertheless, the general trend is that the microstructural porosity decreases with increasing coating hardness. In other words, a dense coating would have a higher coating hardness compared to a porous coating. Although this conclusion might be as expected on the basis of a fundamental understanding of material-property relationships, the TS map allows visualization of (i) relationships among different TS processes, (ii) a broad ranking of the TS processes with respect to porosity and hardness, (iii) aim values for specific hardness and porosity combinations, and (iv) the reliability of obtaining specific properties on the basis of process reproducibility.
Map 2: Hardness-Porosity of Thermal Sprayed Alumina Coatings
Alumina (Al 2 O 3 ) and alumina-based (i.e., Al 2 O 3 -TiO 2 ) coatings have significant industrial applications and, thus, these coatings have been data mined in greater detail. The TS map for alumina is plotted using the same methods and assumptions from the WC-Co map. In addition to the four earlier mentioned thermal spray techniques, other methods such as low pressure plasma spray (LPPS), solution precursor plasma spray (SPPS), and high-velocity suspension fuel spray (HVSFS) have been included on the map. Eight thermal spray processes are represented in Fig. 5 .
It can be noted that the common spray techniques were identifiable by highlighted clusters. Pure alumina coatings exhibited higher hardness; however, the coatings were also brittle. Thus, 2 to 4 wt% of titania is usually blended with the alumina feedstock to increase the toughness of the thermal spray coating. Coatings produced from materials with increasingly higher percentages of titania, commonly 13 or 40 wt.% TiO 2 , exhibited lower hardness (Ref 22, 23) . Coatings produced via CS must include a metallic binder that would have lowered the average hardness values.
Alumina also exhibited several phases, the most stable being the alpha phase. Almost all sintered alumina products are available in the hexagonal close-packed structures of the alpha phase. On the other hand, due to the rapid melting and quenching rates of thermal spray processes, gamma phase alumina was prevalent within a thermal spray coating (Ref 24, 25) . The gamma phase is a finegrained alumina that exhibits the cubic spinel structure. In the case of thermal spray alumina coatings, the phase changes did not influence the hardness values as markedly as the decarburization of WC-Co phase. Gamma alumina has a lower hardness compared to the alpha phase that exhibits a hardness of approximately 16-20 GPa. It can be seen from the microhardness axis of Fig. 5 that, due to the presence of gamma alumina within the spray coating microstructure, coating hardness is lower than for sintered alpha alumina ceramics. It should be noted that some of the compiled data consisted of thermal spray coatings that were heat treated. The gamma phase converts to the alpha phase at sintering temperatures above 1000°C (Ref 24, 26 ). These heattreated coatings exhibited increased hardness and reduced porosity due to grain coarsening. By comparison, the gamma structure exhibited a higher specific surface area compared to the alpha phase. Therefore, during transformation from gamma to alpha alumina, densification of the coating microstructure occurred (Ref 24) .
The general trend within Fig. 5 is similar to the previous TS map; hardness decreases with increasing coating porosity. Coatings with near to zero porosity can be achieved with thermal spray processes such as the LPPS, SPPS, and HVSFS. Although, not displayed in Fig. 2 , SPPS and HVSFS are emerging thermal spray methods that allow the deposition of nanostructured alumina coatings using a liquid-based feedstock. APS offered the most flexible thermal spray process to achieve coatings with a wide-ranging porosity level.
Map 3: Porosity-Bond Strength of Thermal Spray Coating
The two TS hardness-porosity maps presented previously establish the trend that hardness decreases with increasing porosity. The next TS map explores the effects of coating porosity on bond strength. Collation of tensile adhesion test data (TAT) of thermal spray coatings performed using the ASTM C633 standard (Ref 27) or its equivalent was carried out. The reported TAT data have been normalized to MPa by taking the ratio of the failure load to the test area of the coating. In cases when a range of values for a particular coating system was quoted within the research work, an average value was calculated. The corresponding porosity levels were also gathered and plotted collectively to form the porosity-bond strength TS map seen in Fig. 6 .
Five thermal spray processes are represented in the TS map and have been outlined by different color shades. The graph legend displays the different combinations of process and materialsÕ classes. The thermal spray processes are APS (pink), HVOF (green), CS (blue), flame spray (red), and D-Gun Ò (yellow). Coating details such as feedstock type and spray parameters have not been included within this TS map to maintain clarity. Although this generalization simplifies the scatter plot for user interpretation, there is a loss of information such as the mode of failure for individual data points. In addition, the original data points have not been classified with regard to experiment conditions such as the type of adhesive, the specimen geometry, or coating thickness. As mentioned earlier, each data point has been treated as unique information since the original authors were seeking specific data for their own study.
It can be ascertained from the scatter plot that bond strength increased with decreasing porosity. The TS map also affirms that thermal spray deposition methods such as HVOF and D-Gun Ò were associated with coatings of high bond strength and low porosity. The APS method revealed a large variance on measured bond strength that probably depended on the coating application. Coatings for biomedical applications (i.e., hydroxyapatite) and Porosity-bond strength map of thermal spray coatings from different processes (n = 77 data points). The coating classes are distinguishable by the plot shape; metallic coatings are plotted as circles, ceramic coatings are plotted as squares, and composites are shaped as triangles thermal barrier protection (i.e., yttria-stabilized zirconia) required intentional porosity within the microstructure. The APS method offered the most flexible deposition option in these instances. However, the large void content acted as stress concentrators or failure sites for crack growth and gave rise to low bond strength (Ref 28).
Map 4: Hardness-Bond Strength of Thermal Spray Coating
The relationship of coating bond strength among material classes was investigated on a TS map that was based on coating hardness. The reasoning was that thermal spray ceramic coatings would present higher coating hardness values than metallic ones. The fourth TS map is, therefore, presented in Fig. 7 and exhibits the microhardness vs. bond strength for several thermal spray coatings. The three classes of material are color shaded: ceramics (red), metals (green), and composites (yellow). Figure 7 indicates that metallic thermal spray coatings exhibited greater bond strengths than ceramic coatings. Coated ceramics revealed high microhardness, but relatively more data points of low tensile bond strength. Metallic coatings have high bond strength, but low microhardness values. The minimum failure stress was also comparatively higher for metallic thermal spray coatings. The reasons for the difference in bond strengths are probably related to the effective intersplat contact, coating residual stress, and failure mechanism (Ref 29, 30 ). These factors are not reflected in this particular TS map and insufficient data exist to document additional TS maps.
The failure strength of thermal spray composite coatings, for example, WC-Co, exhibited properties that overlapped its parent material classes, i.e., metals and ceramics, and the properties depended on the relative coating composition and spray method. Within the same material class, the HVOF and VPS methods exhibited the highest bond strength, which was associated with their dense coating microstructure.
Map 5: Porosity-Elastic Modulus of Thermal Spray Coating
The consolidation of the elastic modulus data for thermal spray coatings would reveal any dissimilarity in this mechanical property compared to bulk materials. The elastic moduli for common bulk engineering materials were compiled from references (Ref 31, 32) , Table 4 . The differences arise due to the unique microstructure of a thermal spray coating since they exhibit intersplat, pseudo-ductile behavior. There are many methods, as well as several prime specimen orientation directions, to measure coating elastic modulus, all of which make data normalization challenging. Firstly, both tension and compression testing data are considered, with the majority of available data reported in the compression mode. In addition, the porosity-elastic modulus data consist of both in-plane and cross-sectional elastic modulus for thermal spray coatings. All of the available data are presented for completeness so that appropriate comparisons to the bulk material can evolve, although it has been mentioned earlier that the coating elastic moduli are interrelated with specimen orientation. Finally, the units for elastic modulus were standardized to GPa. Therefore, after data normalization, the fifth TS map is presented in Fig. 8 . The style of the plot is consistent with the earlier TS maps; that is, the five individual thermal spray processes are color shaded and the legend indicates the three different material classes.
Two observations can be made concerning the range of coating elastic moduli. Firstly, the values for ceramic thermal spray coatings were significantly lower than for the corresponding bulk sintered ceramic values. In-plane coating elastic modulus was expected to be higher than the cross-sectional values due to the anisotropic lamellar microstructure that offers limited pseudo-ductility in that direction. However, from Fig. 8 , it is evident that a majority of the thermal spray ceramic coatings (squareshaped data) do not exceed an elastic modulus of 200 GPa. For instance, some values of sintered ceramics (Ref 33) are as follows: alumina is 380 GPa; titania is 283 GPa; and partially stabilized zirconia is 205 GPa. Therefore, the effects of intersplat sliding within the porous microstructure of the coating reduced the effective stiffness. In other words, the stiffness values of thermal spray ceramic coatings will be significantly lower compared to bulk ceramics, especially in instances where coating porosity increases.
The second observation relates to the higher values of elastic modulus for metal thermal spray coatings, depicted as circles in Fig. 8 . This unexpected effect arose probably due to the oxidation of metallic splats during the thermal spray process. The formation and entrapment of metal oxides within the coating microstructure would have caused an increase in the overall coating modulus. Figure 8 demonstrates that thermal spray coatings deviate considerably from the conventional elastic properties of the corresponding bulk material. The general trend exhibited is that the coating elastic modulus decreased with increasing porosity. A physical interpretation is that there would be a greater tendency of lamellae sliding due to regions of poor intersplat contact (Ref 34, 35) . Plasma-based thermal spray processes revealed the largest data variation among the spray methods. The properties depended on the porosity levels as well as phase transformations that occurred during the spray process. High kinetic energy spray processes, such as HVOF, HVSFS, and CS techniques, exhibited less scatter in these data since the porosity levels were low and the coating properties would be affected only by phase transformations.
Map 6: Hardness-Elastic Modulus of Thermal Spray Coating
It would be expected that the elastic modulus of ceramics be greater than that of metals. Therefore, using the same concept as in TS Map 4, coating hardness data were used to discriminate the various material classes. The coating elastic modulus was plotted against the microhardness data to determine whether the expected trend could be validated. The three types of material classifications were identified by the same color scheme adopted for TS Map 4. The results, Fig. 9 , show that metal coatings appear on the lower region compared to ceramic coatings, which is consistent with fundamental material-property behavior.
The general trend is that the elastic modulus increases with coating microhardness, which follows the expected trend that modulus and hardness are positively correlated. It must be noted that only the corresponding cross-sectional elastic moduli values of coatings were taken into consideration to be consistent with the coating cross-sectional microhardness values.
Plasma-based processes are widely used methods for deposition of ceramic coatings, whereas HVOF techniques are more common for metal-based coatings. Both methods are able to produce the greatest coating elastic modulus and hardness readings among their respective material class.
The six property-performance TS maps constructed in this work allow a systematic analysis for the material properties of thermal spray coatings with respect to thermal spray processes. The scatter plots consisted of more than 80 data points across many variants of deposition techniques and feedstocks from different researchers and laboratories. The nature in which these data were collected involved an unbiased representation so that no specific research group or publication paper could be favored.
The new approach taken in this work is more significant than a conventional literature review. The property-performance TS maps have indicated an ability to interrelate all data within the field of thermal spray and provide a Fig. 9 Hardness-elastic modulus map of thermal spray coatings from different processes (n = 148 data points) holistic explanation to coating properties. The TS map approach was different from that of TS processing map methods, which suggested that particle velocity and flame temperature play a critical role in coating microstructure as depicted in Fig. 2 .
The TS processing map proposition is that increasing particle velocity, such as conferred by high kinetic energy processes, decreased the porosity and increased the intersplat cohesion. There was increased thermal phase transformation for high thermal input processes. The effects of porosity, intersplat cohesion, and thermal phase transformation are all represented within the trends of the TS maps in this study.
A summary of the trends and TS map details is presented in Table 5 . Thus, TS maps lend unbiased and strong evidence to suggest that combinations of spray processes, spray parameter tables, and feedstocks yield variations to the coating properties in a systematic and ordered fashion.
Other Possible TS Mapping Techniques/ Combinations
A similar data-consolidating procedure can be employed to map out the application-specific performance of thermal spray coatings and provide an overview of potential coating solutions. An example of a wear application map is presented in Fig. 10 . It must be pointed out that this wear application map is compiled based on reported experiments and shows wear rate at a specific sliding speed, which depended on the researcher. This map also reveals the conundrum with sliding wear testing for thermal spray materials, i.e., there were no standardized test speeds. Figure 10 highlights this gap in knowledge. Also, this map indicates that APS ceramic coatings should be a possible solution for applications that require high sliding speeds. Alternatively, process evaluation TS maps can be constructed. Figure 11 , for example, provides an estimate of the required standoff distance for different feedstock sizes. This TS map provides a useful teaching tool to explain the fundamental relationships between feedstock and standoff distance with regard to the need for different spray distances for different processes. It can be said that as the particle size decreases for each of the thermal spray families (i.e., plasma or combustion energy source), the standoff distance also decreases.
Hence, such TS maps can be a tool to aid the design of a new generation of thermal spray coatings by highlighting existing gaps and frontiers in the current technology.
Conclusions
Thermal spray coatings are identified by a lamellar microstructure formed from the rapid solidification of molten droplets and cohesion among splats. This structure gave rise to the anisotropic mechanical behavior of coatings produced via different thermal spray methods since a distinctive splat structure and associated void system was created.
A comprehensive literature survey was conducted to compile relevant thermal spray coating property vs. performance data. The six property-performance TS maps constructed in this work showed the ability to interrelate all data within the field of thermal spray and provided a holistic explanation to coating properties. TS maps have been created with respect to porosity, hardness, coating adhesion, and elastic modulus. The effects of porosity, intersplat cohesion, and thermal phase transformation are all represented within the trends of the TS maps. This understanding agreed with the notion that particle velocity and flame temperature play a critical role in creating the coating microstructure. Fig. 11 Map to suggest required standoff distance for various starting feedstock sizes (n = 69 data points)
